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Introduction
Pellicle and bacterial adherence is considered to play an important role in early plaque formation [1] [2] [3] . It is of interest to avoid or at least to diminish bacterial adherence not only on hard tooth tissues but also on dental restorative materials [4] [5] [6] [7] . Hence many attempts have been made to modify dental resin composites to that effect [1, [8] [9] [10] [11] [12] [13] . To test the expected antibacterial effects mainly confocal laser scanning microscopy [2, [13] [14] [15] or fluorescence microscopy [1-3, 8, 16] and predominantly bacteria as S. gordonii [17] , S. mutans [13, [18] [19] [20] [21] , S. mitis [1, 8, 18, 22, 23] , S. oralis [1, 8, 17, 18, 20] , S. sanguinis [1, 8, 17, 24] , A. naeslundii [1, 2, 8, 15] , A. odontolyticus [21, 25] , and A. viscosus [8, [26] [27] [28] were used.
This work focuses on the reexamination of the bacterial attachment to an experimental dental resin composite, called material B [1] . Material B is modified with 4% (m/m) of the antibacterial monomer (5-chloro-2-2,4-dichlorophenoxy)phenyl methacrylate (called Methacryl-Irga in the following); its antibacterial properties were examined in 2 Advances in Materials Science and Engineering monoclonal in vitro settings in comparison with a standard, called ST, with fluorescence microscopy [1] . (5-chloro-2-2,4-dichlorophenoxy)phenol is known under the trademarks Irgasan or Triclosan, respectively, and is a well-proven broad spectrum antimicrobial agent. It inhibits the enoyl-acylcarrier protein reductase component of type II fatty acid synthase in bacteria, the mammalian fatty acid synthase, and provides anticariogenic activity [29, 30] . Irgasan/Triclosan was used to synthesize Methycryl-Irga [1] . The aforesaid investigation reports good antibacterial effectiveness for material B for the streptococci S. oralis and S. sanguinis and S. mitis and for the actinomycetes A. naeslundii and A. viscosus [1] . The goal of the present investigation was to analyze bacterial mixtures instead of a single isolated species of the aforesaid bacteria in their in vitro and in situ attachment to ST and the antibacterially modified material B by real-time PCR (TaqMan-PCR) and Next Generation Sequencing (NGS). Since the published TaqMan-PCRs to detect A. naeslundii [31, 32] , A. viscosus, or S. mitis [31] were not found to be sufficient specific and sensitive when reevaluated they were newly designed. Although the present work must be considered as a pilot study it is thought to be valuable because additional methods are introduced to detect and to quantify simultaneously single pathogens in the complex situation of biofilms. It was hypothesized that there is no difference in total bacteria load between the materials ST and B.
Material and Methods
For detailed information about manufacturing of the test materials, refer to the literature [1] ; the respective raw materials are listed in Table 1 . The standard ST represents a conventional dental resin composite. Material B differs from ST by replacing 4% (m/m) of the resin matrix with (5-chloro-2-2,4-dichlorophenoxy)phenyl methacrylate (see Table 2 ).
= 28 discs (thickness: 1 ± 0.1 mm; diameter: 10 ± 0.1 mm) were made and cured 40 s each side and then stored for 14 days in water at 37 ∘ C, disinfected, and wet-polished (sterile water) on one side with fine and superfine polishing-discs according to [1] . Twenty-four discs were used for the in vitro and four for the in situ adhesion assay.
Bacteria

Bacterial Plate Cultures.
To test the analytical specificities and the sensitivities of primers and probes bacteria (Table 3) were grown on COS blood agar plates (bioMerieux GmbH, Nürtingen, Germany) and incubated for 48 h at 37 ∘ C: actinomycetes under anaerobic conditions and streptococci under 5% (v/v) carbon dioxide. The same culture conditions were utilised for counting the CFUs of each strain.
Bacteria Liquid Cultures for In Vitro Adhesion Assay.
Bacteria were grown overnight at 37 ∘ C in 2.98% (w/v) thioglycollate (THIO-) broth (Merck GmbH, Darmstadt, Germany), streptococci by shaking under atmospheric air, and actinomycetes under anaerobic conditions. Dilutions of 1 : 6 to 1 : 10 were cultivated for 2-4 h up to a turbidity of 1 McFarland, which corresponds to an optical density of 0.2-0.3 OD at 600 nm. Cells were harvested by centrifugation (5 min at 4,000 ×g) and suspended in the same volume of PBS, and a mixture of bacterial suspensions in equal parts was made. Total genomic DNA of 350 L bacterial mixture was prepared for subsequent quantification of each species by TaqMan-PCR.
In Vitro Adhesion Assays.
Human saliva was collected from ten healthy volunteers, prepared, and sterilized according to Rüttermann et al. [8] . Approval from the ethics committee was obtained (Ethics Committee of the Medical Faculty of Heinrich-Heine-University, Düsseldorf, Germany, internal study number: 2912). The participants gave their consent verbally, as they all were part of the academic faculty staff of the department. Documentation of the oral consent was done by making a list of prospective saliva donors. All donors who subsequently gave their oral consent were checked-off on this list. The oral consent was explicitly judged as adequate, and the need for written informed consent from the participants was waived by the ethics committee. For each test material (ST, B) and incubation period (8 h/24 h), six discs (24 discs in total) were placed with the polished side up in a 24-well plate and preincubated with 250 L sterile saliva (1 : 2 in PBS) for 2 h at 37 ∘ C. Next, the disks were gently rinsed two times with PBS (37 ∘ C) and 350 L of the bacterial mixture was added to each pellicle coated disk and incubated at 37 ∘ C under 5% CO 2 (v/v) for 8 h or 24 h. PBS was used as negative control. After 8 h or 24 h of incubation the supernatant was removed and the disks were gently washed with 300 L PBS (37 ∘ C) and transferred to a clean well of a 24-well plate before preparation of total genomic DNA.
In Situ Adhesion
Assays. The Ethics Committee of the Medical Faculty of Heinrich-Heine University Düsseldorf, Germany, stated that there is no need for further vote as the two participants of the in situ experiment were two of the authors themselves (UP and SR), who gave their written consent. Their saliva samples and mucosal swabs were taken for analysis. One disk of each material was separated into four parts to obtain suitable pieces to be inserted in individual oral splints on the upper jaw at each molar on the buccal side [33, 34] . The splints were steadily worn for 8 hours overnight, removed, and gently washed with 300 L PBS (37 ∘ C) and all quarters of a disk were transferred to one clean well on a 24-well plate prior to preparation of total genomic DNA. centrifugation (10 min at 13,000 ×g), resuspended in 300 L enzymatic lysis buffer, and incubated for 30 min at 37 ∘ C. (b) Bacterial-coated disks were incubated with 300 L lysis buffer and the 8 h specimens after overnight storage at −20 ∘ C were incubated for at least 30 min at 37 ∘ C. 30 L Proteinase K (>600 mU/mL) and 300 L Buffer AL (Qiagen GmbH) were added to each sample and incubated at 56 ∘ C for 1 h. After addition of 300 L ethanol mixtures were transferred to DNeasy Mini spin columns (Qiagen GmbH). Total genomic DNA was eluted in 100 L and stored at −20 ∘ C until use.
Preparation of Total Genomic
Design of Primers and Probes.
Multiple sequence alignments were calculated with the MegAlign algorithm of the DNASTAR sequence analysis software (DNASTAR Inc., WI, Madison, USA). Gene sequences were retrieved from the nucleotide database of the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/nucleotide/). The final design of the specific primers and probes (Table 4 ) (MWG-Biotech GmbH, Ebersberg, Germany; metabion GmbH, Planegg-Martinsried, Germany; Eurogentec, Seraing, Belgium) was either calculated with the Primer Express Software (Applied Biosystems Inc., Foster City, CA, USA) or taken from the literature [35] .
TaqMan-PCR.
In house TaqMan-PCRs were carried out in a total volume of 25 L consisting of 12.5 L Eurogentec PCR MasterMix NO ROX (Eurogentec GmbH Reference: RT-QP2X-03NR, containing buffer, dNTPs with dUTP, HotGoldStar DNA polymerase, 5 mM MgCl 2 , Uracil-N-glycosylase, and stabilizers), 300 nM of each forward and reverse primer, 200 nM labelled probe, and 2.5 L of template DNA. Quantification standards were amplicon carrying plasmids in three different concentrations (10 5 , 10 3 , and 10 2 copies/ L) ( Table 4) . Each sample was analyzed twice. Thermal cycling, fluorescent data collection, and analysis were done with the iCycler (BioRad Laboratories, Munich, Germany). The cycling program was as follows: 1 cycle at 50 ∘ C for 10 min and 1 cycle at 95 ∘ C for 10 min followed by 45 cycles at 95 ∘ C for 15 s and 60 ∘ C for 1 min.
PCR Amplicon Library
Preparation. PCR amplification of the 16S rDNA hypervariable region V6 was done with a pool of five degenerated forward and four degenerated reverse primers expected to target the known groups of bacteria according to Huber et al. [36] . 
Emulsion PCR and
Sequencing. The emulsion PCR for enrichment of template positive IonSphere particles was done with the Ion OneTouch 200 Template Kit (Life Technologies GmbH) and the quality of the IonSphere particles was checked with the Qubit 2.0 Fluorometer (Invitrogen GmbH) and the IonSphere Quality Control Kit (Life Technologies GmbH). The amplicon libraries were sequenced twice to increase sequencing depth with the Ion Torrent Personal Genome Machine (PGM), the Ion Torrent 314 Chips, and the Ion PGM 200 Sequencing Kit (Life Technologies GmbH) according to the respective protocol.
NGS (Next Generation Sequencing) Analysis
2.9.1. Sequencing Read Preprocessing. Raw sequencing reads were filtered for low quality and PCR primer sequences applying three consecutive quality filter steps to the two individual sequence data sets per in situ sample: (a) reads <10% of bases quality score ≤25 were discarded (FASTQ quality filter/ FASTX-Toolkit, http://cancan.cshl.edu/labmembers/gordon/ fastx toolkit), (b) PCR primer sequences were removed by semiglobal alignment with Cutadapt (http://journal.embnet .org/index.php/embnetjournal/article/view/200), and (c) in Cutadapt the minimum length of the trimmed reads was set to 50 bases.
Diversity and Taxonomic Analyses.
Preprocessed high quality sequence reads were by BLAST (Basic Local Alignment Search Tool) applying the Human Oral Microbiome Database (HOMD), version 13.2, 16S rRNA RefSeq, according to Chen et al. [37] . BLAST analyses were calculated with the CLC Genomics Workbench Software Version 6.0.5 (Qiagen GmbH) applying CLC standard BLAST parameters. Query sequences matching more than one target sequence with equal BLAST scores were randomly assigned.
Matching reads per taxon were normalized for the total number of query sequences for each sample to compare the relative bacterial composition of the two in situ samples. The cut-off for comparative analysis of relative abundances was set to 0.1% after normalization to focus on a more robust subset of the identified taxa. 
Results
TaqMan-PCRs.
Species-specific regions for the bacteria tested and the number of copies per genome are shown in Table 4 . Due to three (A. naeslundii) and four (S. mitis) 16S rDNA copies per genome, these TaqMan-PCRs had higher sensitivities than the other ones which targeted single copy genes. For A. viscosus, S. oralis, S. sanguinis, and S. gordonii, the glucosyltransferase (GTF) gene (existent in most streptococci [38] ) was used for targeting S. gordonii (gtf G), S. oralis (gtf R), and S. sanguinis (gtf P) and the sialidase gene (nanH) for targeting A. viscosus. The efficiency of the TaqMan-PCRs ranged from 94.5% (S. sanguinis) to 99.9% (A. odontolyticus) and the coefficient of determination ranged from 0.990 to 0.999 (ideal value = 1.000). Cross reactions with cognate species amounted to less than 0.001%.
In Vitro Adhesion
Assay. The quantification of the different species in the inoculum with TaqMan-PCRs proved the bacterial concentration of a McFarland 1 suspension as species-specific but not always of the same value (Figure 1 ). Streptococci were overrepresented in the inoculum in contrast to the actinomycetes. After 8 h of incubation the antibacterial material B was covered with 58.6% of the bacterial amount of the standard material ST. After 24 h the amount of attached bacteria remained constant on material ST (99.8%) and increased on material B to 92.6% of the bacterial amount on ST. The bacterial composition on both materials was quite similar. More than 90% of the attached bacteria accounted for S. sanguinis, S. oralis, and S. gordonii with 36% S. oralis after 8 h and 50% after 24 h of incubation. A. viscosus (3%), A. naeslundii (<1%), and S. mitis (1%) were underrepresented on both materials ST and B after 8 h which further declined after 24 h (Figure 1 and Table 5 ).
In Situ Adhesion
Assay. The bacterial loads in saliva of volunteers 1 and 2 were similarly concentrated (1.18 + 7 and 2.2 + 7, resp.), dominated by A. odontolyticus in volunteer 1 (Figure 2(a1) ) and A. odontolyticus and S. mitis in volunteer 2 (Figure 2(a2) ). The diversity of bacteria and their quantities varied in the mucosal swabs volunteerspecifically (Figures 2(b1) and 2(b2) ). Volunteer 1 showed less bacterial load than volunteer 2. A. viscosus was missing and the streptococci dominated. Volunteer 2 showed 1,000-fold increased actinomycetes and streptococci with a dominance of streptococci.
After 8 h of in situ carriage, A. viscosus and S. mitis dominated on ST with respect to both volunteers ( Figures  2(c1) and 2(c2) ). The load of these species was heavily reduced on material B of volunteer 1, but on material B of volunteer 2 the reduction was only due to the disappearance of A. viscosus (Figure 2(c2) ). Volunteer 1 showed 10-fold increased bacterial load on the test materials compared to volunteer 2.
Next Generation Sequencing (NGS).
Reproducibility of the 16S amplicon sequencing reactions was confirmed by comparing two duplicated data sets from each of the materials ST and B which showed very good correlations of 99.97% and 99.51%, respectively. Therefore, after preprocessing the two filtered sequence data sets per in situ sample were combined for subsequent analyses to increase sequencing depth. Consequently, after 8 h in situ the specimens of volunteer 1 showed 504,710 for ST and 415,258 for material B high quality sequence reads, probably indicating a lower bacterial load of 82% on material B. BLAST analyses of the test materials' sequences with HOMD 16S rRNA database yielded five taxa on the phylum and 11 taxa on the genus level for both of the materials (Figure 3(a) ). Firmicutes were the dominant phylum, Streptococcus and Gemella were the dominant genera, and bacteroidetes were almost absent. Material B had higher amounts of actinobacteria especially of Rothia and Actinomyces than ST. Both materials showed 247 taxa specieswise with two sequence reads for the respective rRNA target sequence, and the main species were S. sanguinis, S. parasanguinis, and G. sanguinis. S. sanguinis (approx. 37% of the microbiota) and S. parasanguinis (approx. 25% of the microbiota) dominated on material ST, whereas G. sanguinis (approx. 25% of the microbiota) dominated on material B (Figure 3(b) ). R. mucilaginosa and A. odontolyticus showed seven-and fourfold higher amounts on material B, whereas S. sanguinis load was twofold higher on ST (Figure 3(c) ).
Discussion
This pilot study reevaluates the antibacterial effect of the experimental dental resin composite material B in comparison with a standard dental resin composite ST [1] [1] are discussed here. Although TaqMan-PCRs for A. naeslundii [31, 32] , A. viscosus, and S. mitis had been published, these PCRs were reevaluated and found to be less specific and sensitive. Therefore, the TaqMan-PCRs were newly designed for all investigated species.
The results of the in vitro adhesion assay, which were quantified by TaqMan-PCR (Figure 1 ), showed slightly fewer bacteria after 24 h on material B than on ST. The greatest difference was observed after 8 h of incubation, as the amount of attached bacteria on material B counted only 58.6% of the bacterial load on standard material ST. This contradicted our formerly published observation, found by fluorescence microscopy, that there was no difference of the total bacterial load between the incubation periods [1] . This might be due to the different incubation methods (PBS instead of medium) or to an altered adherence mechanism of the individual bacterial species in a polymicrobial mixture. Considering the differences between the test materials the present investigation and the former analysis of Rüttermann et al. [1] coincide that there are definitely fewer bacteria, considered overall as well as species-wise, on material B than on ST, especially in the first hours of biofilm formation (8 h) . In contrast to the other streptococci, the adherence capacity of S. mitis was reduced on both materials tested (Figure 1 ). This finding is also in good accordance with formerly published results of our research group [1] . Although attachment of A. viscosus and A. naeslundii was reduced to less than 5% of the total bacterial load on both test materials, still fewer actinomycetes loads were detected on material B than on ST. Concluding, the distinct actinomycetes and streptococci species of the polybacterial mixture showed a similar attachment-behaviour like the monobacterial cultures [1] . In using Taqman PCR as a molecular approach, quantification of single species in complex bacterial mixtures is now possible, which was impractical by fluorescence microscopy. However, in contrast to the fluorescence staining method, in which the ratio between vital and nonvital cells can be estimated, amplification of bacterial DNA by TaqMan-PCR does not distinguish between DNA of a vital or nonvital cell. By implementation of propidium monoazide technique as a discriminator [38] in future, it should be possible to differentiate between vital and nonvital cells even in Taqman-PCR. One should keep in mind that we used a static biofilm model to simulate the oral situation. We decided to do so, because the advantages of a dynamic model are not crucial for the short observation periods for the analysis of the initial biofilm (8/24 h).
The in situ TaqMan-PCRs ( Figure 2 ) did not coincide in all aspects with its in vitro version after 8 h of incorporation. The mucosal swabs showed substantial differences in the bacterial composition and load between the volunteers (Figures 2(b1) and 2(b2)), which was also the case with the test materials (Figures 2(c1) and 2(c2) ). The fact that some of the six species tested were not found in the saliva or rarely detected in the mucosal swabs but showed dominant adherence to the test materials illustrated that the interactions among the magnitude of oral species and between the species and the formulation of the test material play an important role in the resulting bacterial adhesion. Future studies should try to clarify these phenomena. Attempts that were made in biofilm research to simulate the oral cavity [39] [40] [41] revealed very low discriminatory power of single species, indicating that the oral cavity is certainly the best biofilm reactor at present.
Thus, Next Generation Sequencing has the opportunity to characterise the complexity of the oral microbiome in saliva and mucosal swab and attached to the test material and, depending on the discriminatory power of the target region, to enable a relative quantification of the bacterial families, genera, or species. The target region of the NGS analysis used here (Figure 3 ) was already described in the literature [42] to elucidate shifts in bacterial communities in subgingival plaque. The comparison of NGS and TaqManPCRs showed higher PCR-derived genome equivalents than NGS sequencing reads, but both confirmed lower loads of A. viscosus and A. naeslundii and higher loads of A. odontolyticus on material B than on ST (Figure 4 ). It was difficult to identify and to compare the quantities of the streptococci due to the low discriminatory power of the short V6 region in streptococci (e.g., S. oralis, S. mitis, S. sanguinis, S. pyogenes, and S. gordonii). TaqMan-PCRs proved lower loads of these streptococci to material B (Figure 4(b) ) than NGS analysis. Identical NGS reads complicated the differentiation between S. oralis, S. mitis, or S. sanguinis (Figure 4(a) : Ssan/Sora) and between S. gordonii and S. pyogenes (Figure 4(a) : Sgor/Spyo). These results indicated that longer stretches of the hypervariable 16S rDNA regions are required for microbiota analyses down to species-level. 
Conclusion
The following can be concluded: Although the statistical power of this study is too low to give detailed results, the data reveal that TaqMan-PCR and NGS analysis are highly valuable molecular methods to investigate biofilms on restorative materials in the oral cavity. Sound results can only be achieved by clinical studies and a statistically sufficient number of volunteers which will follow this pilot study.
